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Herein, the novel acacia wood based hierarchical porous activated carbons (AWCs) are easily prepared, low cost and have excellent characterization, such as special biomass nanopores via structural stability and large specific surface areas. Activating agents such as KOH, ZnCl2, and H3PO4 have been used to convert acacia wood carbon into active carbons such as AWC-K, AWC-Z, and AWC-P, respectively, which are named after the activating agent. As a supercapacitor electrode, the AWC-K sample has a high yield was 69.8%, significant specific surface area of 1563.43 m2g−1 and layer thickness of 4.6 mm. Besides that, it showed specific capacitance of 224.92 F g−1 at 0.5 A g−1 in 2 M KOH as electrolyte. In addition, the AWC-K//AWC-K symmetrical supercapacitor device displays high energy density of 23.98 Wh kg−1 at 450 W kg−1 power density with excellent cycling number stability was 93.2% long lifetime of 10,000 cycles using 0.5 M Na2SO4 as electrolyte. The high electrochemistry performance mainly contributed the special biomass pores structure. Therefore, the presented approach opens new avenues in supercapacitor applications to meet energy storage.
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INTRODUCTION
Due to critical environmental problems and the use of fossil fuels, one of the new natural issues confronting today’s society is the pressing need for improved energy storage systems based on green and renewable power sources (Balamurugan et al., 2019; Kalair et al., 2021). Supercapacitors (SCs) are among the most technologically advanced energy storage systems that are used in wide stationary energy storage applications like various portable and stationary electronics, hybrid electric vehicles, and used in many other advanced power devices (Chen et al., 2017; Geng et al., 2019; Leng et al., 2019; Zhang et al., 2020). SCs based on biomass-derived carbons possess the characteristics of high safety, cheap cost, and long cycling life (Peng et al., 2020; Yuan et al., 2020). Carbon-based supercapacitors cover large energy needs worldwide to enhance electrical energy storage and use on-demand (Zhang et al., 2019). The properties of the electrode materials determine how well supercapacitors perform. (Fan et al., 2015), and the types of electrodes, such as carbon materials (Yue et al., 2021), hydroxides (Ji et al., 2021; Cui et al., 2022), sulfides (Reddy et al., 2018), and transition metal oxides electrodes (Xie et al., 2019; Hamouda et al., 2022). Carbon materials, like porous carbon, carbon nanosheet, carbon fiber, carbon network, carbon nanotube and graphene are ideal electrode materials for supercapacitors due to their high surface area (Ghanem et al., 2021), premium thermal stability and high electrical conductivity (Vargheese et al., 2020). In addition, the wide distinction of biomass materials due to other diverse characteristics such as abundance, cost-effectiveness, environmental suitability, efficiency in terms of their renewability, and versatility of the selected raw materials gives a carbon-rich chemical skeleton (Wu et al., 2019; Timothy et al., 2021). Recently, many different renewable biomass carbon materials have been discovered, such as hibiscus fruits (Hamouda et al., 2021), wood-sawdust (Yang et al., 2019; Abdu et al., 2020a), fallen leaves (Li et al., 2021), baobab fruit shells (Mohammed et al., 2019), waste tea-leaves (Song et al., 2019), water bamboo (Yang et al., 2018), yeast cells (Lian et al., 2018), raw cotton (Du et al., 2018), cherry stone (Suárez and Centeno, 2020), waste paper (Durairaj et al., 2019), and human hair (Ahmed et al., 2017), have been used for energy applications. Recently, energy storage devices have been constructed using wood cells carbon materials and pseudocapacitive through chemical activation processes (Deng et al., 2016; Kostoglou et al., 2017). It should be noted that supercapacitors constructed on wood-based carbon materials have a finite specific capacitance that restricts it (Shao et al., 2020), so wood carbon chips must be activated with surface modification to obtain total capacitance (Rao et al., 2018). Many surface modification techniques used nitric acid due to the ability of the NO3− to morphological change the surface and thus improved the electrochemical performance (Rupp et al., 2017; Zhu et al., 2017). Accordingly, after modification with nitric acid and adding an activating agent like KOH, KOH/NaOH, ZnCl2, FeCl3, KOH/FeCl3, and H3PO4...etc. Which increases the surface area and thus increases a specific capacitance for a resulting active carbon. As a result, the electrochemical performance is effective, which leads to the possibility of obtaining supercapacitors by the effect of the raise in the surface area of the material (Dong et al., 2018; Liu et al., 2018; Kim et al., 2019). Acacia wood sample was collected from El-Obied, Kordofan, Sudan, has low cost and no commercial value. In Sudan, acacia trees (wood) are traditionally used, where the smoke of burning wood is used to beautify women (incense), and it is also used in the manufacture of charcoal (Mohammed, 2016; MARIOD, 2019). Herein, three different kinds of activated carbon (AWCs) were synthesized from acacia wood. The AWC-K, AWC-Z, and AWC-P carbon materials were obtained from activated by KOH, ZnCl2, and H3PO4 agents, respectively. After the three samples were prepared and dried, the activated carbon was collected, and the yield was determined (the yield of AWC-K, AWC-Z, and AWC-P was about 69.8, 63.7, and 65.2%, respectively). The activated porous carbon of AWC-K working as an electrode in a three-electrode system with potassium hydroxide (2M) electrolyte proved good electrochemical properties as a high specific capacitance of 224.92 F g−1 at 0.5 A g−1. Besides, the AWC-K symmetric supercapacitor device, as-fabricated, displays a high energy density of 23.98 Wh kg−1 at a maximum power density of 450.00 W kg−1 and excellent cycle number stability of 93.2% retention over 10,000 cycles. Certainly, in all previous similar work, we are the first to use a high-performance supercapacitor constructed of carbon that was created via a chemical activation process and came from acacia wood. It has been synthesised by a chemical activation method in the presence of KOH and modified by HNO3.
EXPERIMENTAL
Materials
All chemicals were commercially available and used without additional purification. Acacia wood (collected from El-Obied, Kordofan state, Sudan), absolute ethanol (Pharmaceutical & Chemical Co., Ltd., Tianjin). Zinc chloride (ZnCl2, 98%) and potassium hydroxide (KOH, 99%), Industrial Corporation). Phosphoric acid (H3PO4, Sinopharm Chemical Reagent Co., Ltd., China). Nitric acid and Hydrochloric acid (HNO3, 99% and HCl, 99.99%, Aladdin Co., Ltd., China).
Materials characterizations
The morphologies and structures of the AWCs materials were characterized by CuKa radiation (k = 1.5418). It was used for X-ray diffraction (XRD), which was carried out using a Rigaku D/Max-2400 diffractometer. Transmission electron microscopy (TEM, Japan), and scanning electron microscopy (FE-SEM, Germany). Raman spectra were obtained by a Via Raman spectrometer using an argon ion laser (Renishaw). X-ray photoelectron spectroscopy (XPS, Escalab 210 system, Germany). Atomic force microscope (AFM, NanoScope Analysis software, Digital instruments, United States). The Brunauer -Emmett-Teller (BET) surface area, before measuring nitrogen adsorption, all materials were degassed at 200°C., and the carbon samples’ pore structure was analyzed using nitrogen adsorption ASAP 2020 technology using Micromeritics’ (United States).
Preparation of acacia wood-derived activated carbon (AWCs)
Acacia wood (AW) of the Sudanese was obtained from Kordofan state, Sudan. First, the (AW) was fragmented into pieces like (sawdust) and washed in deionized water, then dried at 60°C for 2 days. In a typical process, the carbon material (AWC) was obtained by pre-carbonizing the AW at 500°C for 3 h at a heating rate of 5°C min−1 in the N2 air. Then, 2.0 g of AWC was activated with 2.0 g KOH. Afterward, the above mixture was heated for 2 h in a tube furnace at 800°C with N2 air (called AWC-K). Subsequently, the resulting active carbon was washed with hydrochloric acid and distilled water, then dried overnight at 60°C. The AWC-Z and AWC-P samples were synthesized by the activation with ZnCl2 and H3PO4 agents, respectively. Using the same method as above, we prepared various carbon materials instead of using KOH as the activating agent. After that, the surfaces of the carbons were modified with an HNO3 solution. Figure 1A shows the formation of porous carbon materials (AWCs) from acacia wood via pre-carbonization and activation.
[image: Figure 1]FIGURE 1 | (A) The diagram depicting the synthesis of carbon materials from acacia wood; FE-SEM images of (B) AWs; (C) AWC-K; (D) AWC-Z and (E) AWC-P samples.
Fabrication of the electrodes and the supercapacitor devices
A three-electrode system uses platinum (1 cm × 1 cm) as the counter electrode, saturated calomel electrode (SCE) as the reference electrode, and nickel foam as the collector. To create the working electrode, a homogenous slurry was created by combining the electrode material, the binder polyvinylidene fluoride (PVDF), and commercially available conductive carbon black in a mass ratio of 8:1:1, respectively, The slurry that was made was then put on 1.0 cm2 of nickel foam, dried at 60°C for 24 h, weighed, and then compressed at 15 MPa to make sheets. Each electrode’s total mass was restricted to a range of 3.0–5.0 mg. The three-electrode device was tested and validated in a 2 M Na2SO4 aqueous electrolyte. A two-electrode electrochemical cell configuration was used to realize the electrochemical performance of the supercapacitor device. Additionally, the working electrodes were made by combining the activated carbon samples, polyvinylidene fluoride (PVDF) and carbon black in a slurry with an 8:1:1 mass ratio in some drops of N-methyl pyrrolidinone solution. With the AWC-K electrode, separator, and electrolyte solution, sandwich-type cells (electrode/separator/electrode) were made.
Electrochemical measurements
Using an electrochemical workstation (CHI 660D) for galvanostatic charge-discharge (GCD), cyclic voltammetry (CV), and electrochemical impedance spectroscopy (EIS) tests, the electrochemical performance of all electrode materials (AWCs) was evaluated. And the cycling testing equipment was used to perform the cycle-life stability test (CT 2001A). CV and GCD measures were carried out at different scan rates and current densities in a sufficient potential window. The GCD curves determined the particular capacitance of each as-prepared working electrode using Eq. 1 below.
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Where, Cm (F g−1) ≡ specific capacitances, I (A) ≡ discharge current, Δt (s) ≡ time of discharge, m (g) ≡ weight of active material, and ΔV (V) ≡ potential window.
The electrochemical performance of the AWC-K//AWC-K device, and the specific capacitance of a fabricated supercapacitor device was determined using Eq. 1. Using the following Eqs 2,3, we were able to get the energy density (Wh kg−1) and power density (W kg−1) of the two-electrode cell.
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RESULTS AND DISCUSSION
The morphology and texture characterization
FE-SEM images were acquired to verify the developments and effects of carbon materials. Figure 1B shows SEM images of the (AWs), which have micropores that are uniformly and symmetrically distributed and show a rough surface. This indicates that the carbon skeleton is relatively stable, and can be used as a natural model in energy applications. Figure 1C shows the product regulated by AWCs and KOH model, such as AWC-K, exhibits a die-like shape (AWs), and displays a clear porous structure. Due to their large surface areas, hierarchical pore structures, or superior conductivity to speed up the transfer of electrolyte ions, we note that the hierarchical carbon materials of AWC-K porous carbons (PCs) are frequently used as a supercapacitor electrode. In order to optimize their electrical performance, pCs feature porous structures, such as microporous or mesoporous structures based on how the pore structures of the electrode materials affect the charge storage mechanism of EDLCs (Xing et al., 2018). The mesoporous/microporous material increases the specific surface area and offers plenty of electrolyte ion adsorption sites. Additionally, mesopores have shorter diffusion paths, enhancing the electrodes’ electrical efficacy (Song et al., 2018). As a result, we conclude that AWC-K features porous carbon electrodes that are advantageous for electrochemical capacitor charge and storage.
Figure 1D shows the mesopores and macropores are randomly distributed on the surface of the carbon structure and macro internal cracks due to adding activation reagent (ZnCl2). Figure 1E displays the carbon nanostructures and nanospheres, which are irregularly distributed on the carbon structure caused by the effect of (H2PO3) on the model AWCs to give AWC-P.
FE-TEM was also introduced to study the sample’s porous texture. The TEM image of AWC-K suggests a thin smooth surface with small spots and wrinkles in the center and pleated silk-like edges (Figure 2A). As shown in Figure 2B, a magnified image of the carbon nanopores, which shows a very rough surface to form an interconnected structure of good character in energy storage applications. In addition, the AWC-K material provided the SAED pattern (Figure 2C), demonstrating the characteristic carbon nature of the sample. The 2 C and O atoms were evenly distributed throughout AWC-K (Figure 2(D-E)), according to the results of the TEM element mapping investigation.
[image: Figure 2]FIGURE 2 | (A) TEM image of AWC-K; (B) HR-TEM image of AWC-K; (C) SAED pattern of AWC-K; (D–E) the images of the different AWC-K elements that are distributed.
Figure 3(A-B) shows the atomic force microscopy (AFM) amplitude three-dimension and two-dimension images of the AWC-K surface, respectively. The measurements resulting from different areas of a carbon surface confirm that the thickness of the AWC-K is about 4.6 nm (Figure 3C). AFM revealed smooth spherical surface morphologies as shown in Figure 3A. Moreover, the AWC-K sample showed slight variation in its size distribution. The different ways carbon atoms get attached to each other can explain why AWC-K has a broader range of sizes.
[image: Figure 3]FIGURE 3 | (A,B) AFM images of AWC-K; and (C) The thickness curve of AWC-K; (D) XPS survey spectrum, HR- XPS spectra of C 1s (E) and O 1s (F) of AWC-K.
The structure of AWCK was further confirmed using X-ray photoelectron spectroscopy (XPS) analysis; the survey spectrum (Figure 3D) displays two peaks at a binding energy of 285 and 532 eV, properties that apply to C1s and O1s orbits, respectively, this suggests the presence of C and O elements in the AWC-K sample. Besides, there are no impurities in the range of 200–800V, which indicates the high purity of AWC-K. The proportion of oxygen and carbon elements in AWC-K was determined from the XPS survey spectrum to be about 84.72% and 15.28%, respectively. Mainly, four carbon species compositions were detected in the spectrum of C1s, such as sp3 graphite carbon (284.4 eV), Csp2-C-OH (285.2 eV), Csp3-O (285.96 eV), and C = O (286.95 eV) (Figure 3E), which detection the carbon atoms activated by KOH. There are three main curves featured in the O1s level of AWC-K (Figure 3F). Typically attributed to C = O in carboxylic acid/ketone (531.7 eV), O-C in epoxy/phenol/ether, lactone (532.8 eV), C = O for carboxylic acid (533.8 eV) (Peng et al., 2019b). Practical charge storage surface areas are obtained by wettability with the aqueous electrolyte, which depends on the C-O and C = O types.
The crystal structure was further studied and investigated after activation processes prepared carbon samples (AWCs) using the XRD patterns shown in Figure 4A. The carbon samples obtained from different activations agents show similar XRD patterns with two broad peaks at about 43 and 23 corresponding to the (100) and (002) lattice planes. This suggests that randomly forming carbon layers are what give amorphous activated carbon its turbulent structure with nanopores that serve to increase the specific surface area (Yin et al., 2020). This analysis suggests that the activation process with the activation agents as KOH, ZnCl2, and H3PO4 confirms that the AWCs have been converted into graphitic carbon and amorphous carbon with good electrochemical properties.
[image: Figure 4]FIGURE 4 | (A) XRD patterns of the AWC-K, AWC-Z, AWC-P; (B) Raman spectrum of the AWC-K, AWC-Z, AWC-P; (C) Nitrogen sorption isotherms and (D) pore size distribution curves of the samples.
Raman spectroscopy is one of the basic analytical processes for identifying graphitic carbon structure and proving activation in carbon-based materials. The peaks in the Raman spectra of the activated carbons were identified as being around 1600 and 1350 cm−1 for the G-band and D-band carbon structure, respectively (Figure 4B). The ID/IG ratio of AWCs is smaller than 1, which suggests that the stability of AWCs is long-range with the structure ordered. The G and D bands suggest that the as-prepared samples have an amorphous quality, which conforms to the XRD data.
To confirm the 3D structure of the biomass-derived active carbons (AWCs), the N2 adsorption/sorption isotherm was performed to consider the optimization and activation of the carbon structures by H3PO4, ZnCl2, and KOH at constant temperatures of 800°C are shown in Figure 4C. Isothermal type I, typical of microporous materials, is present in all varieties of porous carbon. The porous character and narrow pore size distribution are seen in the apparent rise in the adsorbed volume corresponding to low relative pressure (P/P0) (Abdu et al., 2020b). It investigated how activating agents affected the porosity of carbon samples. The specific surface area of AWC-K, AWC-Z, and AWC-P was 1563.43, 1210, and 205.36 m2 g−1, respectively. Therefore, the highest porosity development was observed for the sample activated by KOH. The porous carbon’s pore size distribution was derived from acacia wood was estimated using a BJH model is shown in Figure 4D. Revealed that all prepared samples (AWC-K, AWC-Z, and AWC-P) had a hierarchically developed pore structure consisting of micropores and mesoporous. It can be concluded that the activated carbon has a low resistance due to the porosity, this makes it possible for ions to diffuse quickly and thus improves the electrochemical behavior. The most popular method for determining the porosity of materials having mesopores (pore widths between 2–50 nm) is gas physisorption. Using the adsorption data and an appropriate mathematical model, the pore size distribution, pore volume, and pore area may be determined. Although this method can be used to evaluate samples with pores up to 300 nm in size, it is most effective for pores between 2–100 nm when Types II or IV isotherms are obtained. Measuring mesopores is based on the same basic ideas and steps as BET surface area analysis with the static volume method (Chen et al., 2021). Measuring mesopores is based on the same basic ideas and steps as BET surface area analysis with the static volume method. Pore size can be calculated using the pore volume as follows: A = 2 V/r, where A is the surface area, V is the pore volume, and r is the pore radius. The structural parameters of the AWC-derived carbon materials are illustrated in Table 1
TABLE 1 | Yield, Textural parameters, and raman tests of samples.
[image: Table 1]The electrochemical performance of the three-electrode
The electrochemical behavior of AWCs was studied by a three-electrode cell using a 2 M KOH electrolyte. The cyclic voltammetry (CV) curves of AWC-K, AWC-Z, and AWC-P electrodes are shown quasi-rectangular shapes (Figure 5A), indicating that these electrodes have perfect capacitive behavior and fast electrochemical response (Nirmaladevi et al., 2021). The CV curve of the AWC-P electrode has a triangular orientation at a high potential, due to the small pore size and slow electrolyte diffusion, which leads to the effect of electrode ions moving and thus low electrochemical properties (Sun et al., 2018; Peng et al., 2019a). From the CV curve, it is noted that the area of the AWC-K electrode is more significant than that of another electrode that scan at the same rate (50 mV s−1). This suggests that it has a more significant specific capacitance than AWC-Z and AWC-P electrodes. Figure 5B shows the CV curve of AWC-K with different scan rates, the curve is slightly deformed as the area increases. Still, it maintains a consistent rectangular shape when the scanning rate is increased, proving the AWC-K electrode has a high ability to transfer ions and electrons rapidly through the electrolyte solution. The galvanostatic charge/discharge (GCD) test is crucial to proving the AWC-K electrode’s performance in capacitance. The GCD curves of AWCs electrodes at 3 A g−1 are shown in Figure 5C. The symmetrical triangle-like shapes indicate that the storage process is predominantly dominant for AWC-K, AWC-Z, and AWC-P electrodes. The GCD curves of AWC-K show the typical symmetric triangle shape with different current densities (Figure 5D), which suggests that the AWC-K electrode has remarkable electrochemical reversibility. Therefore, Eq. 1 shows how the GCD curves were used to figure out the specific capacitances of the electrodes (Lei et al., 2020). Figure 5E shows the specific capacitance for the electrode materials and their corresponding various current densities. It should be noted that at the same current density of 0.5 A g−1, AWC-K has a specific capacitance of 224.92 F g−1, which is higher than that of AWC-Z at 177 F g−1 and AWC-P at 157.1 F g−1 Figure 5F displays the Nyquist plots of AWC-K, AWC-Z and AWC-P electrodes. One can see that the Nyquist plots of AWCK were given a smaller semicircle in a high-frequency zone and a more minor real axis (Z′) intercept for AWC-K. The nanopores AWC-K material, which makes it easier for the electrolyte to move around and diffuse, is responsible for the electrochemical performance, which leads to high rate capacitance.
[image: Figure 5]FIGURE 5 | (A) CV curves of AWC-K, AWC-Z and AWC-P electrode at 50 mV s−1; (B) CV curves of AWC-K electrode; (C) GCD curves of AWC-K, AWC-Z and AWC-P at 3 A g−1; (D) GCD curves of AWC-K at various current densities; (E) Specific capacities of the AWC-K, AWC-Z and AWC-P electrode at different current densities; (F) The Nyquist plots of the AWC-K, AWC-Z and AWC-P electrode.
Electrochemical performance of the two-electrode
To confirm the practicality of the AWC-K electrode, the electrochemical performance of AWC-K//AWC-K was tested with complement voltage operated in an aqueous KOH electrolyte was investigated in a cell device. The electrochemical performance of AWC-K electrodes is used in a supercapacitor device with a symmetrical design and a broad operating voltage. Therefore, the CV tests were performed at a constant scan rate of 50 mV s−1 in various voltage windows of 1.0, 1.2, 1.4, 1.6, 1.8, and 2.0 V, to verify the operating voltage range of the AWC-K//AWC-K device (Figure 6A). The symmetric supercapacitor device’s CV curves were given an asymmetric quasi-rectangular shape, from a minimum scanning rate of 10 mV s−1 to a maximum scanning rate of 100 mV s−1 at 1.8 V, as shown in Figure 6B. The GCD curves of the AWC-K//AWC-K device at different voltage ranges suggest that there is perfect electrochemical reversibility. Therefore, the operating voltage is measured in the range (1.0–2.0 V) with 1 A g−1. The best voltage to calculate the GCD test for supercapacitors is determined (Figure 6C). The typical GCD curves of the AWC-K//AWC-K device with various current densities (0.5–5 Ag-1) at 1.8 V (Figure 6D). It is noted that all the GCD curves are the charge and discharge curves almost symmetric and like an isosceles triangle. These findings suggest that a symmetric cell has very good electrochemical reversibility and possesses ideal capacitive behaviors.
[image: Figure 6]FIGURE 6 | (A) CV curves of the AWC-K//AWC-K device at 50 mV s−1 with various voltage; (B) CV curves of the two-electrode cell at different scan rates; (C) GCD curves of the two-electrode cell at different current densities; (D) The GCD curves of the two-electrode cell at 1 A g−1.
When various current densities are applied to the specific capacitances of the SSC device, it is clear that the specific capacitances proclivity drops as the current density rises. The specific capacities at 0.5, 1, 2, 3, 5, 8, and 10 A g−1 were observed to be 53.3, 49.6, 43.7, 40.3, 35.8, 29.8, and 27.2 F g−1, respectively. As the charge and discharge curves are the same shape over time as the current density goes up, the discharge curves are almost the same shape as their parallel counterparts (Figure 7A). The specific capacitance for symmetric supercapacitor is used to determine the energy and power densities in the Ragone plot of AWC-K//AWC-K, revealed that a high energy density of 23.98 Wh kg−1 at the 450 W kg−1, and 13.41 Wh kg−1 with 7200 W kg−1 power density (Figure 7B). The energy density of SSC in this work (AWC-K//AWC-K) was calculated to be higher than that of other similar supercapacitors, such as LMCN-2//LMCN-2 (20.7 Wh kg−1) (Liang et al., 2020), N-HCNs-800//N-HCNs-800 (17.92 Wh kg−1) (Peng et al., 2021), SAC-4//SAC-4 (16.1 Wh kg−1) (Su et al., 2018), HPC-700//HPC-700 (14.40 Wh kg−1) (Zhao et al., 2020), LSC800//LSC800 (12.5 Wh kg−1) (Liu et al., 2016), AC1//AC1 (11.00 Wh kg−1) (Zhu et al., 2018), HLPC//HLPC (9.4 Wh kg−1) (Liang et al., 2014), HPCR-800//HPCR-800 (6.77 Wh kg−1) (Fang et al., 2019), and CS-H3//CS-H3 (5.63 Wh kg−1) (Yang et al., 2020), see (Table 2).
[image: Figure 7]FIGURE 7 | (A) Specific capacities of the AWC-K//AWC-K device at various current densities; (B) Ragone plots of the AWC-K//AWC-K device and; (C) Nyquist plots of the AWC-K//AWC-K device (the inset of the equivalent circuit of EIS); (D) The cycling stability of the symmetric cell at 3 A g−1 in 0.5 M Na2SO4 electrolyte.
TABLE 2 | Comparison of symmetric cells’ electrochemical performance in the references.
[image: Table 2]The electrochemical properties of the SSC device were discovered using electrochemical impedance spectroscopy (EIS) (Rehman et al., 2022). Figure 7C shows that the charge transfer resistance (Rct = 12.98), which was used to make the electron double-layer capacitor (Cdl), is typified by a modest resistance (Rs = 2.95), semicircle line in the high-frequency zone. Additionally, the approximately straight line in the low-frequency area shows the Warburg resistance (W). Due to fast ion diffusion and transport lowers impedance and the interaction between the electrode and the electrolyte (Cui et al., 2021).
The cycling stability of the AWC-K//AWC-K SSC device is 93.2% with the capacitance retention after 10,000 cycles at 5 A g−1 (Figure 7D), showing excellent long-term stability of this activated carbon electrode. Furthermore, an essential characteristic of high-performance supercapacitors is cyclic stability.
CONCLUSIONS
In brief, novel acacia wood hierarchical porous activated carbons (AWCs) were prepared from acacia wood using KOH, ZnCl2, and H3PO4 as chemical activation agents during carbonization processes. Due to its large specific surface area, the AWC-K used as the supercapacitor electrode provides a significant specific capacitance. Besides, the AWC-K electrode-based symmetric supercapacitor device exhibits a high energy density of 23.98 Wh kg−1 at 450 W kg−1 and superior cycle stability of 93.2% capacitance retention rate. Therefore, acacia wood’s utilization in supercapacitors applications can meet energy storage needs. These results suggest that AWC-K as an electrode possesses good carbon-based properties, which are expected to be useful in electrochemical energy storage system applications.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
HH: Methodology, Investigation, Writing — original draft. HA: Validation, Investigation, Formal analysis. QH: Validation, Investigation. MA: Visualization, Formal analysis. SC: Validation, Investigation. HL: Visualization, Formal analysis. AA: Visualization, Formal analysis. HP: Conceptualization, Resources, Funding acquisition, Writing — review andamp; editing. GM: Resources, Funding acquisition, Supervision, Project administration. ZL: Resources, Funding acquisition.
FUNDING
The National Science Foundation of China (21664012, 21703173), Basic Scientific Research Innovation Team Project of Gansu Province (1606RJIA324), University Scientific Research Innovation Team of Gansu Province (2017C-04), and Outstanding Youth Fund of Gansu Province (20JR5RA539).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abdu, H. I., Eid, K., Abdullah, A. M., Han, Z., Ibrahim, M. H., Shan, D., et al. (2020a). Unveiling one-pot scalable fabrication of reusable carboxylated heterogeneous carbon-based catalysts from eucalyptus plant with the assistance of dry ice for selective hydrolysis of eucalyptus biomass. Renew. Energy 153, 998–1004. doi:10.1016/j.renene.2020.02.034
 Abdu, H. I., Eid, K., Abdullah, A. M., Sliem, M. H., Elzatahry, A., and Lu, X. (2020b). Dry ice-mediated rational synthesis of edge-carboxylated crumpled graphene nanosheets for selective and prompt hydrolysis of cellulose and eucalyptus lignocellulose under ambient reaction conditions. Green Chem. 22 (16), 5437–5446. doi:10.1039/d0gc01561j
 Ahmed, M., Islam, M. A., Asif, M., and Hameed, B. (2017). Human hair-derived high surface area porous carbon material for the adsorption isotherm and kinetics of tetracycline antibiotics. Bioresour. Technol. 243, 778–784. doi:10.1016/j.biortech.2017.06.174
 Balamurugan, J., Nguyen, T. T., Aravindan, V., Kim, N. H., Lee, S. H., and Lee, J. H. (2019). All ternary metal selenide nanostructures for high energy flexible charge storage devices. Nano Energy 65, 103999. doi:10.1016/j.nanoen.2019.103999
 Chen, C., Zhang, Y., Li, Y., Dai, J., Song, J., Yao, Y., et al. (2017). All-wood, low tortuosity, aqueous, biodegradable supercapacitors with ultra-high capacitance. Energy Environ. Sci. 10 (2), 538–545. doi:10.1039/c6ee03716j
 Chen, H., Guo, Y., Du, Y., Xu, X., Su, C., Zeng, Z., et al. (2021). The synergistic effects of surface functional groups and pore sizes on CO2 adsorption by GCMC and DFT simulations. Chem. Eng. J. 415, 128824. doi:10.1016/j.cej.2021.128824
 Cui, J., Yin, J., Meng, J., Liu, Y., Liao, M., Wu, T., et al. (2021). Supermolecule cucurbituril subnanoporous carbon supercapacitor (SCSCS). Nano Lett. 21 (5), 2156–2164. doi:10.1021/acs.nanolett.0c04938
 Cui, S., Hu, Q., Sun, K., Wang, X., Wang, F., Hamouda, H. A., et al. (2022). Nickel–Cobalt-layered double hydroxide nanosheets supported on NiMoO4 nanorods with enhanced stability for asymmetric supercapacitors. ACS Appl. Nano Mat. 5, 6181–6191. doi:10.1021/acsanm.2c00131
 Deng, J., Li, M., and Wang, Y. (2016). Biomass-derived carbon: Synthesis and applications in energy storage and conversion. Green Chem. 18 (18), 4824–4854. doi:10.1039/c6gc01172a
 Dong, S., He, X., Zhang, H., Xie, X., Yu, M., Yu, C., et al. (2018). Surface modification of biomass-derived hard carbon by grafting porous carbon nanosheets for high-performance supercapacitors. J. Mat. Chem. A Mat. 6 (33), 15954–15960. doi:10.1039/c8ta04080j
 Du, J., Liu, L., Hu, Z., Yu, Y., Zhang, Y., Hou, S., et al. (2018). Raw-cotton-derived N-doped carbon fiber aerogel as an efficient electrode for electrochemical capacitors. ACS Sustain. Chem. Eng. 6 (3), 4008–4015. doi:10.1021/acssuschemeng.7b04396
 Durairaj, A., Sakthivel, T., Ramanathan, S., Obadiah, A., and Vasanthkumar, S. (2019). Conversion of laboratory paper waste into useful activated carbon: A potential supercapacitor material and a good adsorbent for organic pollutant and heavy metals. Cellulose 26 (5), 3313–3324. doi:10.1007/s10570-019-02277-4
 Fan, Y., Liu, P., Zhu, B., Chen, S., Yao, K., and Han, R. (2015). Microporous carbon derived from acacia gum with tuned porosity for high-performance electrochemical capacitors. Int. J. Hydrogen Energy 40 (18), 6188–6196. doi:10.1016/j.ijhydene.2015.03.090
 Fang, L., Xie, Y., Wang, Y., Zhang, Z., Liu, P., Cheng, N., et al. (2019). Facile synthesis of hierarchical porous carbon nanorods for supercapacitors application. Appl. Surf. Sci. 464, 479–487. doi:10.1016/j.apsusc.2018.09.124
 Geng, Q., Huang, G., Liu, Y., Li, Y., Liu, L., Yang, X., et al. (2019). Facile synthesis of B/N co-doped 2D porous carbon nanosheets derived from ammonium humate for supercapacitor electrodes. Electrochimica Acta 298, 1–13. doi:10.1016/j.electacta.2018.12.038
 Ghanem, A., Mandor, M. A., El-Nagar, R., and Eid, K. (2021). “Atomic and molecular functionalization of graphitic carbon Nitride for solar cell applications,” in Carbon Nitride nanostructures for sustainable energy production and environmental remediation (Cairo, Egypt: Nanoscience & Nanotechnology Series), 221–261.
 Hamouda, H. A., Cui, S., Dai, X., Xiao, L., Xie, X., Peng, H., et al. (2021). Synthesis of porous carbon material based on biomass derived from hibiscus sabdariffa fruits as active electrodes for high-performance symmetric supercapacitors. RSC Adv. 11 (1), 354–363. doi:10.1039/d0ra09509e
 Hamouda, H. A., Cui, S., Dai, X., Xie, X., Peng, H., Ma, G., et al. (2022). High-performance asymmetric supercapacitor based on urchin-like cobalt manganese oxide nanoneedles and biomass-derived carbon nanosheet electrode materials. J. Energy Storage 47, 103616. doi:10.1016/j.est.2021.103616
 Ji, Z., Ma, D., Dai, W., Liu, K., Shen, X., Zhu, G., et al. (2021). Anchoring nitrogen-doped carbon quantum dots on nickel carbonate hydroxide nanosheets for hybrid supercapacitor applications. J. Colloid Interface Sci. 590, 614–621. doi:10.1016/j.jcis.2021.01.102
 Kalair, A., Abas, N., Saleem, M. S., Kalair, A. R., and Khan, N. (2021). Role of energy storage systems in energy transition from fossil fuels to renewables. Energy Storage 3 (1), e135. doi:10.1002/est2.135
 Kim, J.-H., Hwang, S. Y., Park, J. E., Lee, G. B., Kim, H., Kim, S., et al. (2019). Impact of the oxygen functional group of nitric acid-treated activated carbon on KOH activation reaction. Carbon Lett. 29 (3), 281–287. doi:10.1007/s42823-019-00024-0
 Kostoglou, N., Koczwara, C., Prehal, C., Terziyska, V., Babic, B., Matovic, B., et al. (2017). Nanoporous activated carbon cloth as a versatile material for hydrogen adsorption, selective gas separation and electrochemical energy storage. Nano Energy 40, 49–64. doi:10.1016/j.nanoen.2017.07.056
 Lei, H., Zhou, J., Zhao, R., Peng, H., Xu, Y., Wang, F., et al. (2020). Design and assembly of a novel asymmetric supercapacitor based on all-metal selenides electrodes. Electrochimica Acta 363, 137206. doi:10.1016/j.electacta.2020.137206
 Leng, J., Wang, Z., Wang, J., Wu, H.-H., Yan, G., Li, X., et al. (2019). Advances in nanostructures fabricated via spray pyrolysis and their applications in energy storage and conversion. Chem. Soc. Rev. 48 (11), 3015–3072. doi:10.1039/c8cs00904j
 Li, Y., Deng, Y., Zhang, X., Ying, G., Wang, Z., and Zhang, J. (2021). Facile fabrication of novel Ti3C2T -supported fallen leaf-like Bi2S3 nanopieces by a combined local-repulsion and macroscopic attraction strategy with enhanced symmetrical supercapacitor performance. Electrochimica Acta 366, 137406. doi:10.1016/j.electacta.2020.137406
 Lian, Y. M., Ni, M., Zhou, L., Chen, R. J., and Yang, W. (2018). Synthesis of biomass‐derived carbon induced by cellular respiration in yeast for supercapacitor applications. Chem. Eur. J. 24 (68), 18068–18074. doi:10.1002/chem.201803836
 Liang, J., Peng, H., Wang, Z., Zhao, R., Zhang, W., Ma, G., et al. (2020). Rare Earth metal lanthanum-organic frameworks derived three-dimensional mesoporous interconnected carbon nanosheets for advanced energy storage. Electrochimica Acta 353, 136597. doi:10.1016/j.electacta.2020.136597
 Liang, Q., Ye, L., Huang, Z.-H., Xu, Q., Bai, Y., Kang, F., et al. (2014). A honeycomb-like porous carbon derived from pomelo peel for use in high-performance supercapacitors. Nanoscale 6 (22), 13831–13837. doi:10.1039/c4nr04541f
 Liu, B., Zhou, X., Chen, H., Liu, Y., and Li, H. (2016). Promising porous carbons derived from lotus seedpods with outstanding supercapacitance performance. Electrochimica Acta 208, 55–63. doi:10.1016/j.electacta.2016.05.020
 Liu, S., Zhao, Y., Zhang, B., Xia, H., Zhou, J., Xie, W., et al. (2018). Nano-micro carbon spheres anchored on porous carbon derived from dual-biomass as high rate performance supercapacitor electrodes. J. power sources 381, 116–126. doi:10.1016/j.jpowsour.2018.02.014
 Mariod, A. (2019). TLC and GC-MS analysis of petroleum ether fraction of fermented wood" Nikhra" of Acacia seyal. Eurasian J. For. Sci. 7 (1), 23–29. doi:10.31195/ejejfs.472038
 Mohammed, A. A., Chen, C., and Zhu, Z. (2019). Low-cost, high-performance supercapacitor based on activated carbon electrode materials derived from baobab fruit shells. J. colloid interface Sci. 538, 308–319. doi:10.1016/j.jcis.2018.11.103
 Mohammed, N. M. F. (2016). Fragrant secondary metabolites of Acacia seyal, combretum hartmannianum and Terminalia laxiflora fungal fermented wood extracts used in Sudanese cosmetics. Khartoum, Sudan: Sudan University of Science and Technology. 
 Nirmaladevi, S., Boopathiraja, R., Kandasamy, S. K., Sathishkumar, S., and Parthibavarman, M. (2021). Wood based biochar supported MnO2 nanorods for high energy asymmetric supercapacitor applications. Surfaces Interfaces 27, 101548. doi:10.1016/j.surfin.2021.101548
 Peng, H., Lv, Y., Wei, G., Zhou, J., Gao, X., Sun, K., et al. (2019a). A flexible and self-healing hydrogel electrolyte for smart supercapacitor. J. Power Sources 431, 210–219. doi:10.1016/j.jpowsour.2019.05.058
 Peng, H., Qi, S., Miao, Q., Zhao, R., Xu, Y., Ma, G., et al. (2021). Formation of nitrogen-doped holey carbon nanosheets via self-generated template assisted carbonization of polyimide nanoflowers for supercapacitor. J. Power Sources 482, 228993. doi:10.1016/j.jpowsour.2020.228993
 Peng, H., Yao, B., Wei, X., Liu, T., Kou, T., Xiao, P., et al. (2019b). Pore and heteroatom engineered carbon foams for supercapacitors. Adv. Energy Mat. 9 (19), 1803665. doi:10.1002/aenm.201803665
 Peng, H., Zhang, M., Sun, K., Xie, X., Lei, H., and Ma, G. (2020). Nitrogen-doped carbon nanoflowers with in situ generated Fe3C embedded carbon nanotubes for efficient oxygen reduction electrocatalysts. Appl. Surf. Sci. 529, 147174. doi:10.1016/j.apsusc.2020.147174
 Rao, J., Bao, L., Wang, B., Fan, M., and Feo, L. (2018). Plasma surface modification and bonding enhancement for bamboo composites. Compos. Part B Eng. 138, 157–167. doi:10.1016/j.compositesb.2017.11.025
 Reddy, B. P., Sekhar, M. C., Vattikuti, S. P., Suh, Y., and Park, S.-H. (2018). Solution-based spin-coated tin sulfide thin films for photovoltaic and supercapacitor applications. Mater. Res. Bull. 103, 13–18. doi:10.1016/j.materresbull.2018.03.016
 Rehman, J., Eid, K., Ali, R., Fan, X., Murtaza, G., Faizan, M., et al. (2022). Engineering of transition metal sulfide nanostructures as efficient electrodes for high-performance supercapacitors. ACS Appl. Energy Mater. 6, 6481–6498. doi:10.1021/acsaem.1c03937
 Rupp, G. M., Opitz, A. K., Nenning, A., Limbeck, A., and Fleig, J. (2017). Real-time impedance monitoring of oxygen reduction during surface modification of thin film cathodes. Nat. Mat. 16 (6), 640–645. doi:10.1038/nmat4879
 Shao, H., Wu, Y.-C., Lin, Z., Taberna, P.-L., and Simon, P. (2020). Nanoporous carbon for electrochemical capacitive energy storage. Chem. Soc. Rev. 49 (10), 3005–3039. doi:10.1039/d0cs00059k
 Song, X., Ma, X., Li, Y., Ding, L., and Jiang, R. (2019). Tea waste derived microporous active carbon with enhanced double-layer supercapacitor behaviors. Appl. Surf. Sci. 487, 189–197. doi:10.1016/j.apsusc.2019.04.277
 Song, Z., Zhu, D., Xue, D., Yan, J., Chai, X., Xiong, W., et al. (2018). Nitrogen-enriched hollow porous carbon nanospheres with tailored morphology and microstructure for all-solid-state symmetric supercapacitors. ACS Appl. Energy Mat. 1 (8), 4293–4303. doi:10.1021/acsaem.8b00928
 Su, X.-L., Chen, J.-R., Zheng, G.-P., Yang, J.-H., Guan, X.-X., Liu, P., et al. (2018). Three-dimensional porous activated carbon derived from loofah sponge biomass for supercapacitor applications. Appl. Surf. Sci. 436, 327–336. doi:10.1016/j.apsusc.2017.11.249
 Suárez, L., and Centeno, T. (2020). Unravelling the volumetric performance of activated carbons from biomass wastes in supercapacitors. J. Power Sources 448, 227413. doi:10.1016/j.jpowsour.2019.227413
 Sun, K., Zhang, Z., Peng, H., Zhao, G., Ma, G., and Lei, Z. (2018). Hybrid symmetric supercapacitor assembled by renewable corn silks based porous carbon and redox-active electrolytes. Mater. Chem. Phys. 218, 229–238. doi:10.1016/j.matchemphys.2018.07.052
 Timothy, A., Akande, A. A., Odoh, C., Philip, M., Fidelis, T., Amos, P., et al. (2021). Efficient synthesis of activated carbon (AC) from biomass for catalytic systems: A green and sustainable approach. J. Industrial Eng. Chem. 96, 59–75. doi:10.1016/j.jiec.2021.01.044
 Vargheese, S., Muthu, D., Pattappan, D., Kavya, K., Kumar, R. R., and Haldorai, Y. (2020). Hierarchical flower-like MnO2@ nitrogen-doped porous carbon composite for symmetric supercapacitor: Constructing a 9.0 V symmetric supercapacitor cell. Electrochimica Acta 364, 137291. doi:10.1016/j.electacta.2020.137291
 Wu, C., Zhang, S., Wu, W., Xi, Z., Zhou, C., Wang, X., et al. (2019). Carbon nanotubes grown on the inner wall of carbonized wood tracheids for high-performance supercapacitors. Carbon 150, 311–318. doi:10.1016/j.carbon.2019.05.032
 Xie, Y., Yang, C., Chen, P., Yuan, D., and Guo, K. (2019). MnO2-decorated hierarchical porous carbon composites for high-performance asymmetric supercapacitors. J. Power Sources 425, 1–9. doi:10.1016/j.jpowsour.2019.03.122
 Xing, Y., Wang, S., Fang, B., Song, G., Wilkinson, D. P., and Zhang, S. (2018). N-doped hollow urchin-like anatase TiO2@ C composite as a novel anode for Li-ion batteries. J. Power Sources 385, 10–17. doi:10.1016/j.jpowsour.2018.02.077
 Yang, L., Feng, Y., Cao, M., and Yao, J. (2019). Two-step preparation of hierarchical porous carbon from KOH-activated wood sawdust for supercapacitor. Mater. Chem. Phys. 238, 121956. doi:10.1016/j.matchemphys.2019.121956
 Yang, L., Qiu, J., Wang, Y., Guo, S., Feng, Y., Dong, D., et al. (2020). Molten salt synthesis of hierarchical porous carbon from wood sawdust for supercapacitors. J. Electroanal. Chem. 856, 113673. doi:10.1016/j.jelechem.2019.113673
 Yang, X., Fei, B., Ma, J., Liu, X., Yang, S., Tian, G., et al. (2018). Porous nanoplatelets wrapped carbon aerogels by pyrolysis of regenerated bamboo cellulose aerogels as supercapacitor electrodes. Carbohydr. Polym. 180, 385–392. doi:10.1016/j.carbpol.2017.10.013
 Yin, J., Zhang, W., Alhebshi, N. A., Salah, N., and Alshareef, H. N. (2020). Synthesis strategies of porous carbon for supercapacitor applications. Small Methods 4 (3), 1900853. doi:10.1002/smtd.201900853
 Yuan, X., Zhang, Y., Yan, Y., Wei, B., Qiao, K., Zhu, B., et al. (2020). Tunable synthesis of biomass-based hierarchical porous carbon scaffold@ MnO2 nanohybrids for asymmetric supercapacitor. Chem. Eng. J. 393, 121214. doi:10.1016/j.cej.2019.03.090
 Yue, T., Xia, C., Liu, X., Wang, Z., Qi, K., and Xia, B. Y. (2021). Design and synthesis of conductive metal‐organic frameworks and their composites for supercapacitors. ChemElectroChem 8, 1021–1034. doi:10.1002/celc.202001418
 Zhang, C., Ma, Y., Zhang, X., Abdolhosseinzadeh, S., Sheng, H., Lan, W., et al. (2020). Two‐dimensional transition metal carbides and nitrides (MXenes): Synthesis, properties, and electrochemical energy storage applications. Energy Environ. Mat. 3 (1), 29–55. doi:10.1002/eem2.12058
 Zhang, Q., Liu, Z., Zhao, B., Cheng, Y., Zhang, L., Wu, H.-H., et al. (2019). Design and understanding of dendritic mixed-metal hydroxide nanosheets@ N-doped carbon nanotube array electrode for high-performance asymmetric supercapacitors. Energy Storage Mater. 16, 632–645. doi:10.1016/j.ensm.2018.06.026
 Zhao, R., Peng, H., Wang, H., Liang, J., Lv, Y., Ma, G., et al. (2020). Tuning nitrogen doping types and pore structures in carbon nanosheets as electrodes for supercapacitor by controlling existence form of iron species. J. Energy Storage 28, 101174. doi:10.1016/j.est.2019.101174
 Zhu, B., Liu, B., Qu, C., Zhang, H., Guo, W., Liang, Z., et al. (2018). Tailoring biomass-derived carbon for high-performance supercapacitors from controllably cultivated algae microspheres. J. Mat. Chem. A Mat. 6 (4), 1523–1530. doi:10.1039/c7ta09608a
 Zhu, K., Wang, Y., Tang, J. A., Guo, S., Gao, Z., Wei, Y., et al. (2017). A high-performance supercapacitor based on activated carbon fibers with an optimized pore structure and oxygen-containing functional groups. Mat. Chem. Front. 1 (5), 958–966. doi:10.1039/c6qm00196c
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Hamouda, Abdu, Hu, Abubaker, Lei, Cui, Alduma, Peng, Ma and Lei. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/math_3.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Three‐dimensional nanoporous activated carbon electrode derived from acacia wood for high‐performance supercapacitor		Introduction

		Experimental		Materials

		Materials characterizations

		Preparation of acacia wood-derived activated carbon (AWCs)

		Fabrication of the electrodes and the supercapacitor devices

		Electrochemical measurements





		Results and discussion		The morphology and texture characterization

		The electrochemical performance of the three-electrode

		Electrochemical performance of the two-electrode





		Conclusions

		Data availability statement

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/math_2.gif
E=C, xAV"[7.2 (2)





OPS/images/math_1.gif





OPS/images/fchem-10-1024047-t002.jpg
Symmetric device

AWC-K
LMCN-2
N-HCNs-800
SAC-4
HPC-700
LSC800

ACL

HLPC
HPCR-800
CS-H3

Cycling stability

93.2% after 8000 cycles

90.7% after 10,000 cycles
90.0% after 20,000 cycles
81.3% after 10,000 cycles
93.0% after 15,000 cycles
95.4% after 10,000 cycles
92.0% after 10,000 cycles
98.0% after 1000 cycles

81.0% after 10,000 cycles
99.8% after 10,000 cycles

Energy
density (wh kg™)

2398
2070
17.92
16.10
14.40
12,50
11.00
9.40

677

563

Power

density (W kg-1)

450
228
500
160
225
260
1980
95
100
9213

References

[This work]

Liang et al. (2020)
Peng et al. (2021)
Su et al. (2018)
Zhao et al. (2020)
Liu et al. (2016)
Zhu et al. (2018)
Liang et al. (2014)
Fang et al. (2019)
Yang et al. (2020)









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
2 frontiers | Frontiers in Chemistry





OPS/images/fchem-10-1024047-g004.gif
i |
E e

Raman shitt (en'")

Moore width (ae) "™





OPS/images/fchem-10-1024047-g005.gif





OPS/images/fchem-10-1024047-g002.gif





OPS/images/fchem-10-1024047-g003.gif
=

D T R TR g T
Distance am) Binding encegy 1

Intensity /a. u.

B iing ety 2V





OPS/images/fchem-10-1024047-t001.jpg
Sample Yield (wt%) Sper® (m* D (nm) Viotar® (cm’ Ip/lg*
g g

AWC-K 69.8 156343 163.68 372 0.832 0.96

AWC-Z 63.7 1210.00 021.15 3.74 0.546 0.97

AWC-P 65.2 0205.36 045.18 371 0.261 097

*Specific surface area was determined using the BET, method.
*Micropore surface area from t-plot method.

“Average pore diameter.

“Total pore volume at P/P, = 0.99.

“The inniisity tatio of Gie D band i the G bl





OPS/images/fchem-10-1024047-g006.gif





OPS/images/fchem-10-1024047-g007.gif
PR

A
i
g

Power density/ W kg

5 * Curréot density 14 8"
e
- W E
R
H i






OPS/images/cover.jpg
& frontiers | Frontiers in Chemistry






OPS/images/fchem-10-1024047-.gif





OPS/images/fchem-10-1024047-g001.gif
e (N

wer

 p—
o

~

el






